Abstract-Landfast ice is an important component of the Antarctic sea ice. Its edge generally advances offshore to its annual maximum extent by mid-winter before retreating later in spring. This study presents an automated method to detect the seaward landfast ice edge (SLIE) at its maximum extent in the beginning in the austral spring (October) for a region northeast of the Amery Ice Shelf, East Antarctic. Here, the net gradient difference algorithm developed by Mahoney [1] has been extended to include the medium edge detection method to automatically delineate the SLIE using the sequential SAR data. The underlying method is to use a spatial gradient operation to identify potential edge pixels, before applying the noise removal using a baseline (2000-2008) SLIE, and a pixel connection technique to generate a contiguous edge. We show that in 2016, the SLIE extended 20 km (25%) further equatorward than in 2008. Good agreement has been achieved between the SLIE derived from our automated method and the manual SLIE extraction using the original SAR as well as a near-coincident Landsat-8 OLI image. The error in the automated approach is minimized when using three to four calibrated SAR images, all with the same incident angle and the maximum separation between them is less than 20 days. Our results confirm the potential of the method for operational application, and we expect it to promote the study of Antarctic landfast ice.
of the Antarctic cryosphere [2] , which primarily forms and remains attached to the coast and characterized by a lack of horizontal motion [3] . It may be attached to the shore, an ice wall or grounded icebergs [3] , [4] . The recent increase in Antarctic iceshelf disintegration and iceberg calving has identified a need to better understand the near-coastal sea ice. By definition, landfast ice lacks significant horizontal motion with regard to its anchoring points.
Landfast ice is a seasonal phenomenon both in the Arctic and Antarctic with few regions of multi-year fast ice associated with coastal or glacial protrusions. It is shaped mostly by a range of thermodynamic processes [5] although dynamic forces also affect its extent and form [6] , [7] . Hence, it is vulnerable to changing atmospheric and oceanic conditions. Landfast ice formation, extent, and interannual variations correlate well with local bathymetry, the shape of coastal bank, and the distribution of the grounded iceberg and sea ice in the Antarctic region [2] , [8] . Its distinct seasonal cycle (i.e., formation, growth, deformation, and decay), thickness, and extent are well related with the ice-atmosphere-ocean interactions [5] , [9] [10] [11] [12] [13] .
Landfast ice provides crucial habitat [14] , [15] , a significant hunting and transportation corridor [16] , [17] , and a sensitive indicator of climate change and/or variability. Its distribution plays a prominent role in microorganism occurrence, nutrient supply for phytoplankton growth [18] , iceberg drift rates and ice tongue/ice shelf stability [8] , [19] , polynya formation [4] , [20] , and thus, in bottom water production [21] , [22] . While landfast ice presents 2-16% of the total sea ice area off East Antarctica (75°-170°E) (average 8.3%), it may comprise 6-57% of the total ice volume (average ∼28%) during November (around the time of maximum annual ice thickness) [2] . This range of influence, extent, and volume warrants further studies of the landfast ice.
In the Arctic, the seaward landfast ice edge (SLIE) generally advances offshore during the course of the freezing season to an often bathymetrically driven maximum extent by mid-winter before retreating with the onset of spring [13] . In the Antarctic, a similar annual evolution is observed, although, there fast ice extends over deeper water than in the Arctic. In some Antarctic regions, repeated breakups occur, e.g., where katabatic promotes areas of the transient fast ice [5] . The location and stability of the SLIE have a great influence on the scientific and logistical activities in the near-coastal Antarctic because it marks the boundary between drifting, often deformed, pack ice and stationary, largely level, fast ice. The latter supports safe access for near-coastal sea-ice travel.
Satellite remote sensing data provide rich information to derive the SLIE. A widely used method is to manually delineate the ice edge in cloud-free visible and thermal infrared images. Advanced very-high-resolution radiometer (AVHRR) [23] [24] [25] and moderate resolution imaging spectroradiometer (MODIS) [26] , [27] have been used for this purpose, although, they have relatively coarse resolution (a few hundred meters to a few kilometers). This method is subjective, laborious, and expensive, and requires application of a reliable cloud mask prior to the analysis. Importantly, it cannot be used to generate a continuous long-term SLIE record, which is needed to determine the fast-ice status and assess its variability in relation to climatic change.
Automated fast ice detection using SAR interferometry appears promising [28] [29] [30] [31] [32] . However, severe limitations of available data render it useless for now. For a successful application, interferometry requires pairs of sequential images with an orbital baseline separation of a few hundred meters or less.
The net gradient difference algorithm (NGDA) was developed to identify the SLIE based on a sequence of SAR images [33] . This approach leads to SLIE definition at the higher spatial resolution of the SAR. The underlying method is to use a spatial gradient operator to identify potential edge pixels, apply first noise removal, and then, a pixel connection technique to generate the edge. These edge points separate strong contrast in gray tone so that the gradient operator can be applied for their identification. This method provides accurate results during winter when the surface backscatter from cryosphere objects is stable. It is less successful during other seasons when the backscatter varies largely in response to temperature-induced changes in the ice surface properties [34] . However, the NGDA ultimately relied on a manual work to draw the SLIE by hand (Mahoney, Pers. Comm).
In Antarctica, landfast ice usually forms in late February or early March, and grows through all of austral winter until to its maximum extent in late October or November [10] . In the present study, we aim at identifying the maximum landfast ice extent, hence, we used the available SAR data acquired in October and November. These data are now available from sensors aboard Sentinel-1A/1B, RadarSAT-2, ALOS-2, and TerraSAR-X satellites. Up to 2012, data were also available from the European ENVISAT satellite, which was used in this study.
The approach in this study is to use digital processing of SAR images to derive the SLIE. Prior knowledge of the East Antarctic for 2000-2008 ([35] and updated data) is used to remove the noise pixels output from the gradient algorithm. Following this step, the medium edge detection method [36] is employed to identify the SLIE. This method offers an automatic identification of the SLIE at fine resolution from a sequence of SAR images. The method has been used to obtain the SLIE in the East Antarctic region.
II. MATERIAL

A. Study Area
Prydz Bay, occupying the southern Indian Ocean sector between 66°and 79°E, features a large cyclonic ocean gyre [37] . The gyre and sea ice within exhibit significant seasonal variability. Zhongshan Station is in Prydz Bay, along the coast southeast of the Amery Ice Shelf (see Fig. 1 ). Offshore from the Zhongshan Station, pack ice is present from autumn onwards. It typically reaches its maximum annual extent in September (i.e., approximately 57°S, some 1300 km north of the Zhongshan Station). In the region, the minimum sea-ice extent occurs in late February. The seasonal cycle of the sea ice in Prydz Bay is consistent with that of the wider Antarctic, including a rapid late spring and early summer melt, followed by ongoing decay from November to February. The region exhibits significant spatial and interannual variability [38] . Information about the landfast ice near Zhongshan Station is invaluable for the Chinese Antarctic Research Expedition (CHINARE), who operates the icebreaker RV Xuelong to access the Zhongshan Station for resupply of the East Antarctic CHINRE stations [39] . Typically, the fast ice near the Zhongshan Station poses the largest challenge for the icebreaker RV Xuelong to reach this destination. Hence, this area has been selected as our testbed for the automated SLIE identification.
B. Data
In this study, we use the satellite data from two SAR instruments; the advanced SAR (ASAR) onboard the European Space Agency's (ESA) ENVISAT satellite (operational to April 2012) and ESA's recent SAR system onboard the Sentinel-1A (S1A; operational since October 2014) and also Sentinel-1B (since May 2016) satellites. Sensor characteristics and image acquisition dates are presented in Table I . ASAR operated in the C-band (central frequency: 5.331 GHz) with 35-day repeat orbit, and five distinct measurement modes with different spatial resolutions and coverages [40] . ASAR images used here were obtained in wide swath (WS) mode (∼405 km) at a medium resolution (150 m) utilizing ScanSAR technology [41] .
Sentinel-1A is the first satellite of the ESA's Copernicus program with a C-band SAR (central frequency: 5.405 GHz) that [41] . Here, we used S1A's EW GRDM products, which are based on TopSAR technology [41] instead of ScanSAR to gain improved spatial resolution (40 m) over almost equal swath width (400 km).
Here, we demonstrate our technique using three ENVISAT-ASAR images collected over the Zhongshan Station on 17, 27, and 30 October 2008. The same processes were conducted using three Sentinel-1A images acquired on 24 October, as well as 5 and 12 November 2016 covering the same region. Both types of SAR data have been acquired at the near-identical incidence angle, backscatter coefficients (in decibel) have been calibrated and data have been geo-referenced.
In addition, we use two cloud-free Landsat-8 Operational Land Imager (OLI) images acquired on 1 November 2016 for validation. The OLI images include eight multispectral bands at 30-m resolution and one panchromatic band at 15-m resolution, with swath width 185 km [42] . The interannual SLIE variability from 2000 to 2008 for East Antarctica [35] provided the maximum/minimum mask for our results. Coastline data from MODIS Mosaic of Antarctica 2003-2004 (MOA2004) [43] were used to map our results.
III. METHODS
Here, we illustrate the method to derive the SLIE using ENVISAT-ASAR data. The same steps are applied when using Sentinel-1 data to derive the SLIE.
A. Prior Knowledge Generation
In a prior study, the landfast ice off East Antarctica was mapped using 20-day MODIS composite image from 2000 to 2008 [27] . An example for day of year (DOY) 281-300 in 2008 is shown in Fig. 2 . We used the fast-ice extent from this 9-year data set to generate the minimum and maximum SLIE for the 20-day window (DOY281-300) in late October. For each map (i.e., for each year), we identified the edge point at each vertical column (or longitude band) as being the pixel that defines the transition between the fast ice and pack ice or ocean. Grouping those points, we define the edge for a given year (the boundary that separates the light blue and blue color in Fig. 2 ). Using these SLIEs for each longitude band, we determined the maximum and minimum late October (DOY 281-300) location of the SLIE over the nine year interval. Finally, the individual points were connected by a polyline. These polylines are the maximum and minimum SLIE for our prior knowledge. As shown later, these will be used to remove any spurious SLIE points identified during our processing.
B. NGDA
It is insufficient to determine the SLIE from a single SAR image. For one thing, misclassification may occur, because the backscatter of the sea ice and open water may be similar when the water surface has been roughened by winds. Second, the pack ice may also have a variety of backscatter coefficients depending on its surface roughness. Hence, we define the SLIE from a sequence of consecutive SAR images ensuring that all images are acquired with the same incidence angle.
The NGDA [33] has been applied to distinguish the landfast ice using several consecutive SAR images. The first step is to calculate the two-dimensional spatial gradient vector of the calibrated backscatter (in decibel) in each image. This backscatter is denoted as Φ.
The finite differences can approximately generate the gradient vector as where i and j are the horizontal and vertical components of the vector, d is the window size, and (x, y) is the Cartesian coordinates of the pixels in the image. Fig. 3(b) and (c) shows both the magnitude and orientation of the spatial gradient for the horizontal and vertical component, respectively. The next step is to calculate the temporal gradient of the spatial difference component [see (2) ] between sequential images. We denote the vertical and horizontal components of this vector Δ net ∇ V and Δ net ∇ H , respectively. From a sequence of three images, this can be written as
where Φ 1 , Φ 2 , and Φ 3 are the spatial gradient vector of each pixel in the three images (referred to by subscripts 1, 2, and 3) and ∇ H and ∇ v are the horizontal and the vertical components, respectively, of the temporal gradient. These components are shown in Fig. 3(d) and (e), respectively. A modified expression of (3) and (4) may be used if only two SAR images are available. Using the components derived in (3) and (4), the net gradient is calculated [see Fig. 3(f) ] as
In the following, this parameter is referred to as the net temporal gradient (NTG). In Fig. 3(f) , the dark region with a low NTG is the stable region of the glacial ice or landfast ice, while the bright region with a high gradient difference is the region with continuous change in backscatter; namely, the dynamic ocean surface or pack ice. The boundary between the two regions is the SLIE, which we want to determine in this study.
C. Medium Edge Detection Method
In principle, it is possible to delineate the SLIE manually from the image of the gradient difference [see Fig. 3(f) ]. However, since we set out to generate the SLIE automatically, we apply an automated edge detection technique. Several edge detection techniques have been discussed in the literature such as those based on gradient operators (e.g., Canny [44] or Laplace [45] , and neural network [46] or wavelet transform [47] ). Here, we use the medium edge detection method [36] , as we deal with images that have discontinuities and similarities at the pixel level. The edge is the end of one characteristic zone or the beginning of another zone. The edge reflects the discontinuity of image grayscale. The gray value of an edge point relative to an adjacent point in its neighborhood is always distinct. Based on this, a metric (distance ratio function) was developed to calculate the similarity of one pixel and its neighborhood. Then, two thresholds were selected to distinguish the edge point. The description is as follows.
1) Similarity Factor:
The core of the method is the estimation of a "similarity" factor to be attached to each pixel in the NTG image. It is an expression on how similar the given pixel is compared to its eight neighboring pixels (there are 9 pixels in 3 × 3 window). The input NTG is digitized in the 8-bit range (0-255). First, we define a 3 × 3 similarity matrix centered at each pixel (i, j). Each element h(k, l) of the similarity matrix is determined as the difference between the NTG(i, j) and the NTG of one of its eight neighboring pixels, denoted by NTG (k, l). The following equations are used to generate the similarity matrix (where k and l vary between 1 and 3).
For NTG (i, j) = 0, h is determined as
For 0 < NTG (i,j) < 255, h is determined as
For NTG (i, j) = 255, h is determined as
Using (6)- (8), the similarity matrix is generated for each pixel of the NTG image. Then, the minimum of the 3 × 3 similarity matrix is taken as the similarity factor h of any given pixel (i, j). The closer the similarity vector is to 1, the higher the similarity of that pixel to its neighbors and vice versa. Edge pixels are confirmed based on their low similarity values (higher contrast against the neighboring pixels). 
2) Edge Identification:
To determine the edge pixel, two thresholds, T L and T H (T L < T H ), need to be set for the similarity factor. In our study, we determined T H and T L to be 0.8 and 0.4, respectively. Any pixel with a similarity value lower than T L is considered to be an edge and any pixel with a similarity value higher than T H is excluded from the edge points. When the similarity factor falls between T L and T H , we assess the value for the given pixel against the values of its eight neighboring pixels. If its similarity value is the minimum of those nine similarity values, the pixel is considered to be an edge point, otherwise it is considered to be a nonedge point. This step finalizes the median edge detection.
Using this method, we derive the potential edge points from the NTG image as the one shown in Fig. 3(f) . The result is a binary image [see Fig. 4(a) ]. All white pixels with a grayscale value of 255 are the detected edge points. However, some false edge pixels (noise) are found in the image. Most of the noise pixels are concentrated within the pack ice or open ocean region of the SLIE. This was anticipated because of the larger backscatter changes there due to the high spatial variability of either the ice surface properties (including geometry and snow) or water surface roughness. Similarly, one expects less noise in the backscatter images derived for the fast ice or glacial areas due to their largely homogeneous surface properties. To remove the noise pixels, a median filter with a suitable window size is required. Fig. 4(b) shows the result for applying a 5 × 5 pixel medium filter.
D. Vectorization for Further Edge Cleaning
The application of the aforementioned median filter does not remove all the noise as can be seen when the median filtered edge points [see Fig. 4(b) ] are converted to a shape file with the ARCGIS 10.5 software [48] . Plotting the shape file of the SAR image [see Fig. 5(a) ] reveals further noise, which was not seen previously [see Fig. 4(a) ] because individual outliers are not visible in Fig. 4(b) . As the SLIE is assumed to be stationary over short time intervals, these noise points may be identified and cleaned based on their distance from a reference SLIE. This reference is selected to be the 2000-2008 SLIE range for East Antarctic fast ice [35] . We empirically determine thresholds of a 35-km orthogonal distance from the shore line as the maximum possible extent of the SLIE and 20 km for the minimum. Results are excluded if the separation is outside the thresholds [see Fig. 5(b) ]. The distance is measured by converting the edge points to a polyline in ARCGIS 10.5 software (this applies also to the reference SLIE points) [49] . For each potential edge point, the software was used to calculate the orthogonal distance to the reference polyline.
IV. RESULTS
A. SLIE in October 2008 in Prydz Bay
SLIE derived from ASAR data for October 2008, after all points have been connected, is presented in Fig. 6 along with maximum and minimum edges retrieved from MODIS data within October 2000-2008. We note there is a gap (the pink rectangle) in the October 2000-2008 fast-ice extent range just east of the Amery Ice Shelf, associated with a grounded iceberg.
Away from this iceberg and away from the Amery Ice Shelf, the average distance between the SLIE derived from ASAR and the maximum October 2000-2008 SLIE is about 10 km. This gives us confidence in our approach, as the two methods to derive the SLIE are different and each is based on different data resolution (SAR versus MODIS). In our results, the SLIE was about 40-50 km from the coastline except for the area adjacent to the Amery Ice Shelf.
B. SLIE in November 2016 in Prydz Bay
Next, we demonstrate our method to derive the SLIE from three Sentinel-1A scenes acquired in October and November 2016 (the green line in Fig. 7) . To assess the automated approach, the derived SLIE for November 2016 is overlaid onto the OLI image for November 1, 2016. There is a good agreement of the automatically derived SLIE using SAR images with the visualwavelength OLI image. In addition, the October 2008 SLIE and the October 2000-2008 SLIE range are shown to assess 
C. SLIEs in Other Areas
To confirm the reliability of the algorithm, it was also applied to other areas using Sentinel-1A/B data acquired in 2016 and 2017 in EW mode. The regions are located in Dronning Maud Land, Lützow-Hom Bay, and Oates Land, and are shown in Fig. 8(a) . Fig. 8 shows the results of SLIEs for the three areas. The SLIE (red line) obtained by the algorithm is similar to the mean SLIE (yellow line) for 2000-2008 and the manually derived SLIE (green line). The distance between the SLIE and coastline is about 58 km at Dronning Maud Land and Oates Land, which is much more than the 26 km of Lützow-Holm Bay and 40 km of Zhongshan Station. In these areas, the orientation of both SLIEs is approximately parallel to the coastline.
V. DISCUSSION
The NGDA has been used successfully to automatically delineate the seaward edge of the landfast ice in two areas in the East Antarctic. This significantly speeds up the SLIE processing compared to manually performing this task. The method summarized in this study can automatically generate the SLIE based on a suitable threshold on the distance to remove noise pixels in a set of potential edge pixels. The results have proven to be highly consistent with the manual interpretation of the input image (see Fig. 9 ). To ensure an accurate result, we tried to use images with same incidence angle and obtained within less than 20 days from each other. However, there is also a small incidence angle difference between images as shown in Table I . In order to evaluate the impacts of the incidence angle difference on the results, the incidence angle correction was applied to the SAR images to correct the incidence angle to 30°. The details of the incidence angle correction method can be found in Makynen [50] . A comparison was carried out between the net gradient difference results derived from images with and without incidence angle correction (see Fig. 10 ). In Fig 10(a) and (b) , there are no apparent differences. An arithmetic difference was used for the incidence-corrected/-uncorrected images to evaluate the impact of the incidence angle correction [see Fig 10(c) ]. Here, changes mainly occur over the glacial ice sheet and at the image edge, especially in the coastal area where the slope varies greatly. For these ice areas, where the surface is relative flat, the difference is zero. That means small incidence angle differences have no influence on the net gradient difference results. Therefore, it is viable to process sequential images with slightly different incidence angle the method described here.
Another important factor is a possible error in the so-called reference SLIE. Here, we used a long-term (2000-2008) range of the SLIE based on the prior knowledge [27] to constrain our results. This assumes that the interannual variability of the seaward fast ice extent for the same time of the year is small. However, as our results for 2016 showed, there might be considerable variability, e.g., in the region off the Amery Ice Shelf. While the method presented in Section III-D removes erroneous SLIE points, it also removed several data points that were actually located in the SLIE, hence, reducing some details in our SLIE analysis. A longer baseline may be used by extending the MODIS-derived baseline up to now.
Despite some issues, our method performs well (see Figs. 6 and 7). SLIE results are closer to the visually derived edge of the landfast ice than the MODIS-derived ones by Fraser [35] , when SAR images obtained by ASAR and Sentinel-1 are used. Table II shows the landfast ice extents of four study areas derived by the algorithm and manually.
Another advantage of the method is the ability to utilize the fine resolution of the SAR. The resolution of the MODISderived SLIE is 2 km, while that of ENVISAT-ASAR data is 150 m and Sentinel-1A data is 40 m. Higher spatial resolution input images will provide more details of the SLIE. Moreover, with the automated method, it is easier to quantitatively determine the interannual variability of the SLIE. This method could be operationally applied to detect the Antarctic SLIE, which will then be used to analyze the interannual variation of the SLIE (during various seasons) in relation to changed environmental factors.
VI. CONCLUSION
This study introduces an automated method based on the NGDA to detect the SLIE. The net gradient difference result is based on the backscatter changes between two or more sequential images, all acquired over a few days to a few weeks. Each NGRD represent the spatial gradient of a calibrated image, obtained using the medium edge detection method. Potential edge points from this step have to be cleaned to remove any noise. This is achieved by comparing them to a reference range, such as the interannual SLIE range based on MODIS images [27] . To do this, vectorization of the edge into polyline is required.
We assessed our results against the manual SLIE extraction using the original SAR as well as a near coincident Landsat-8 OLI image. Qualitatively speaking, good agreement has been demonstrated between the manual and our automated method. The error in the automated approach is minimized by using three to four calibrated SAR images, all with the same or similar incident angle and the maximum temporal separation of less than 20 days. These conditions warrant good accuracy of the results, regardless of possible minor changes in the landfast ice surface. For further SLIE analysis, we suggest to update the reference SLIE. Due the presence of a grounded iceberg in the region of interest, there is a gap in the minimum SLIE for [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] . Extending the reference SLIE would overcome this and similar issues. We also tested our algorithm in other areas, the results are similar with the minimum SLIE for 2000-2008. In summary, the method presented here is well suited to handle the large volumes of SAR data to automatically generate the SLIE and to derive distributions of the fast ice edge around the East Antarctica coast.
